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BACKGROUND: Outdoor air pollution is a known lung carcinogen, but research investigating the association between particulate matter (PM) and gas-
trointestinal (GI) cancers is limited.

OBJECTIVES: We sought to review the epidemiologic literature on outdoor PM and GI cancers and to put the body of studies into context regarding
potential for bias and overall strength of evidence.

METHODS: We conducted a systematic review and meta-analysis of epidemiologic studies that evaluated the association of fine PM [PM with an aero-
dynamic diameter of <2.5 pm (PM;5)] and PM o (aerodynamic diameter <10 pm) with GI cancer incidence or mortality in adults. We searched five
databases for original research published from 1980 to 2021 in English and summarized findings for studies employing a quantitative estimate of ex-
posure overall and by specific GI cancer subtypes. We evaluated the risk of bias of individual studies and the overall quality and strength of the evi-
dence according to the Navigation Guide methodology, which is tailored for environmental health research.

RESULTS: Twenty studies met inclusion criteria and included participants from 14 countries; nearly all were of cohort design. All studies identified
positive associations between PM exposure and risk of at least one GI cancer, although in 3 studies these relationships were not statistically signifi-
cant. Three of 5 studies estimated associations with PM; and satisfied inclusion criteria for meta-analysis, but each assessed a different GI cancer
and were therefore excluded. In the random-effects meta-analysis of 13 studies, PM, 5 exposure was associated with an increased risk of GI cancer
overall [risk ratio (RR) =1.12; 95% CI: 1.01, 1.24]. The most robust associations were observed for liver cancer (RR=1.31; 95% CI: 1.07, 1.56) and
colorectal cancer (RR =1.35; 95% CI: 1.08, 1.62), for which all studies identified an increased risk. We rated most studies with “probably low” risk
of bias and the overall body of evidence as “moderate” quality with “limited” evidence for this association. We based this determination on the gener-
ally positive, but inconsistently statistically significant, effect estimates reported across a small number of studies.

ConcLusioN: We concluded there is some evidence of associations between PM, s and GI cancers, with the strongest evidence for liver and colorectal cancers.
Although there is biologic plausibility for these relationships, studies of any one cancer site were few and there remain only a small number overall. Studies in
geographic areas with high GI cancer burden, evaluation of the impact of different PM exposure assessment approaches on observed associations, and investi-

gation of cancer subtypes and specific chemical components of PM are important areas of interest for future research. https://doi.org/10.1289/EHP9620

Introduction
Gastrointestinal (GI) cancers are a major cause of cancer burden
and cancer death. Worldwide, there were an estimated 4.8 million
new cases of GI cancers and 3.4 million GI cancer deaths in 2018".
In addition, four of the five cancer sites with the worst prognosis
(esophagus, stomach, pancreas, liver, and lung) are GI cancers.”
Particulate matter (PM) is a common aerosol outdoor pollutant
arising from both natural and anthropogenic sources that has wide-
spread geographic heterogeneity in both its levels and chemical
composition.**> Respirable PM is of greatest concern for human
health,” including particles <10 pm in aerodynamic diameter
(PMp), fine particles [<2.5 um (PM;5)], and intermediate-sized
particles [2.5-10 pum (coarse PM)].>® There is a large body of epi-
demiologic evidence demonstrating associations between expo-
sure to PM and other outdoor air pollutants and risk of adverse
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noncancer health effects, including chronic obstructive pulmonary
disease, asthma, and cardiovascular diseases.”® In 2013, the
International Agency for Research on Cancer (IARC) classified
outdoor air pollution, specifically PM, as a human carcinogen.’

The TARC classification of PM as a carcinogen was primarily
based on evidence that long-term exposure causes lung cancer; in
human populations, this association has been consistently demon-
strated in both case—control and cohort studies.’ However, it is possi-
ble that exposure is associated with cancer at sites other than the lung
owing to exposure through absorption, metabolism, and distribution
of inhaled carcinogens released as primary PM emissions or bound
to particles, including polycyclic aromatic hydrocarbons, other vola-
tile organic compounds, and heavy metals.”'* Increasingly, evi-
dence has grown for associations with other organ sites, such as the
breast, as recently reviewed by Gabet et al.'' Hypothesized general
mechanisms of carcinogenicity for PM-related cancers include DNA
damage due to oxidative stress and PM-induced inflammation that
promotes tumor growth.12 Mechanisms more specific to GI cancers
include alterations in the function of the gut microbiota'? and the
delivery of small particles absorbed in the lungs through the blood-
stream to the gut.'* PM that reaches the bronchioles and alveolar
spaces may also be propelled into the GI tract via mucociliary clear-
ance, ~ a process that has been demonstrated in human studies of
nonsmokers.'®

Rationale

Despite biologic plausibility, there has been little research to date
on the association between outdoor PM, a common pollutant of
interest, and GI cancers. A small number of reviews have found
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evidence of associations between PM and esophageal, stomach,
colorectal, liver, and other cancers.'®!7:18:1920 A systematic
review of cohort studies evaluating associations of PM and can-
cer mortality showed a positive, statistically significant PM, 5
association with deaths from liver and colorectal cancers.'’
Notably, that review included very few articles from countries
and geographic areas with exceptionally high burdens of PM air
pollution or upper GI cancers, such as Africa, where rates of
esophageal cancers are among the highest globally' and where
distinct geographic regions of elevated esophageal cancer inci-
dence are not well understood.?' A review focused on biomass
air pollution and upper GI cancers in sub-Saharan Africa found
positive associations between exposure to biomass smoke and
both esophageal and gastric cancers.'® A meta-analysis of case—
control studies of household air pollution and cancers other than
lung cancer found positive associations with a number of cancers,
including an elevated but nonsignificant risk for esophageal can-
cer.'” In the present systematic review and meta-analysis, we
reviewed the literature regarding primary cancers of the esopha-
gus, stomach, colorectum, anus, liver, biliary tract, and pancreas
for associations with PM. We aimed to collect and assess the
available epidemiologic research on the relationship between PM
air pollution and GI cancers, characterize the quality of the exist-
ing evidence, identify research gaps, and provide recommenda-
tions for future research.

Study Question

Our primary research question was “Is exposure to PM in humans
associated with the incidence or mortality of GI cancer?” Our
population of interest was human adults living in any geographic
location. Our definition of “air pollution” exposure was any out-
door source of any inhaled PM, excluding active and passive
smoking. Our comparators were individuals exposed to lower
levels of PM and those that are more highly exposed. The out-
come of interest in our review was clinically confirmed diagnosis
of GI cancer or death due to GI cancer.

Methods

Protocol

This systematic review follows the structure outlined by the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) checklist?>22* (Table S1). A protocol was
registered with PROSPERO prior to beginning the review (ID
139597). Our methods were tailored to follow the steps outlined
in the Navigation Guide Systematic Review Methodology, which
was developed to synthesize and evaluate environmental evi-
dence.?® This approach specifically seeks to reduce bias and max-
imize transparency in the synthesis of environmental research
and has two unique departures from existing methodologies that
have been established for evidence-based medicine assessments
in the clinical sciences: a) observational studies are assigned a
“moderate” quality rating by default, and b) a standard nomencla-
ture is used for describing the weight of evidence across diverse
types of studies.

Search Strategy and Information Sources

Five citation and abstracts databases: PubMed (U.S. National
Library of Medicine), EMBASE (Elsevier), Cochrane Library:
Database of Systematic Reviews (Wiley & Sons), Scopus
(Elsevier), and Web of Science: Core Collection, Russian Citation
Index, SciELO: (Clarivate Analytics) were searched by a biomedi-
cal librarian (A.A.L.) in July 2019 and were also updated in March
and September of 2021. Searches were limited to original research
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articles published in English between 1980 and September 2021 and
with human subjects. Keywords and controlled vocabulary (e.g.,
MeSH, Emtree) were used to describe each outcome (e.g., “gastro-
intestinal cancer”) and environmental exposure (e.g., “particulate
matter,” “outdoor air pollution”) of interest. The final search strat-
egy for PubMed is provided in Table 1. (Table S2 lists all the data-
base search strategies used.) EndNote X9 (Clarivate Analytics) was
used to collect, manage, and identify duplicate citations. Additional
articles were identified by searching the reference lists of all
included studies as well as review articles identified in the screening
process.

Study Eligibility Criteria and Study Selection

Covidence (Veritas Health Innovation Ltd.) was used for study
selection (i.e., screening).26 Prior to conducting the full review,
two authors (N.P., E.C.S.) tested the utility of their screening cri-
teria during a pilot test of 330 articles. The pilot test informed the
use of less restrictive criteria in the title and abstract screening
than in the full-text screening and helped clarify interrater dis-
crepancies. The final eligibility criteria for title and abstract
screening were the presence of at least one term regarding the ex-
posure of interest: “particulate matter,” “air pollution,” and at
least one general term for the outcome of interest: “cancer.” The
article also needed to be a peer-reviewed publication (e.g., no
conference abstracts), published in English, and conducted in
humans.

First, two authors (N.P., E.C.S.) independently screened the
titles and abstracts using the eligibility criteria above. Next, the
full text of each screened article was assessed independently by
two authors (N.P., E.C.S.) using a stricter set of criteria. For the
full-text screening, the following eligibility criteria were used: an
association between PM and at least one GI cancer end point
(incidence or mortality) in adults (>18 years of age) was eval-
uated using a cohort or case—control study design; we also con-
sidered time-series analyses with individual-level data. Articles
were excluded if they did not report, or if we could not obtain,
effect estimates for PM;q or PM,s with concurrent standard
errors or confidence intervals (Cls). Disagreements during both
title and abstract and full-text screening were resolved by discus-
sion or in consultation with a third author. Final determinations
about inclusion in the systematic review were made when all
issues regarding eligibility criteria had been resolved between
both reviewers. Articles excluded during the full-text screening
with the reasons for exclusion are listed in Excel Table S1.

Data Extraction

Two authors (N.P., E.C.S.) independently extracted data related to
study characteristics from each included article using Covidence.
A third author was consulted to resolve discrepancies between
these two authors. The descriptive characteristics extracted from
each article were: first author, year published, location of study first
author, study design, study population, outcome assessment
method, exposure(s) assessed, exposure assessment method, expo-
sure window, study time period, study participant location, and the
reported measure of association.

We also extracted all relevant estimates of association relating
PM exposure (for any individual or group of individuals) with GI
cancer. We extracted fully adjusted regression estimates and 95%
ClIs for use in meta-analysis.

Study Quality

Risk of bias assessment for each included study. Two authors
(N.P., E.C.S.) evaluated the risk of bias for each of our included
articles using a modified set of criteria we developed based on
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Table 1. Final PubMed search strategy for the systematic review and meta-analysis of PM exposure and GI cancer incidence and mortality.

Concept Search terms used

Gastrointestinal cancer (“Esophageal cancer”[tiab] OR “Esophageal cancers”[tiab] OR “oesophageal cancer”’[tiab] OR “oesophageal cancers”[tiab]
OR “Gastric cancer”[tiab] OR “Gastric cancers”[tiab] OR “esophageal adenocarcinoma”[tiab] OR “esophageal adenocar-
cinomas”[tiab] OR “oesophageal adenocarcinoma”[tiab] OR “oesophageal adenocarcinomas”[tiab] OR “Upper aerodiges-
tive tract cancer”’[tiab] OR “Upper aerodigestive tract cancers”[tiab] OR “Stomach cancer”[tiab] OR “Stomach
cancers”’[tiab] OR “esophageal squamous cell carcinoma”[tiab] OR “esophageal squamous cell carcinomas”[tiab] OR
“oesophageal squamous cell carcinoma”[tiab] OR “oesophageal squamous cell carcinomas”[tiab] OR “Upper gastrointes-
tinal cancer”[tiab] OR “Upper gastrointestinal cancers”[tiab] OR “Esophageal neoplasm”[tiab] OR “Esophageal neo-
plasms”’[tiab] OR “oesophageal neoplasm”[tiab] OR “oesophageal neoplasms”[tiab] OR “Gastric neoplasm”[tiab] OR
“Gastric neoplasms”[tiab] OR “esophageal adenocarcinoma”[tiab] OR “esophageal adenocarcinomas”[tiab] OR “oesopha-
geal adenocarcinoma’[tiab] OR “oesophageal adenocarcinomas”[tiab] OR “Upper aerodigestive tract neoplasms”[tiab]
OR “Stomach neoplasm”[tiab] OR “Stomach neoplasms’’[tiab] OR “esophageal squamous cell carcinoma”[tiab] OR
“esophageal squamous cell carcinomas”[tiab] OR “oesophageal squamous cell carcinoma”[tiab] OR “oesophageal squa-
mous cell carcinomas”[tiab] OR “Upper gastrointestinal neoplasm”[tiab] OR “Upper gastrointestinal neoplasms”[tiab] OR
“alimentary carcinoma”[tiab] OR “gastrointestinal cancer”[tiab] OR “gastrointestinal cancers”[tiab] OR “gastrointestinal
neoplasm”[tiab] OR “gastrointestinal neoplasms”[tiab] OR “Gastrointestinal Tract Cancer”’[tiab] OR “Gastrointestinal
Tract Cancers”[tiab] OR “Gastrointestinal Neoplasms”[tiab] OR “liver cancer”[tiab] OR “liver cancers”[tiab] OR “hepatic
neoplasms”[tiab] OR “hepatic neoplasm”[tiab] OR “liver neoplasm”[tiab] OR “liver neoplasms”[tiab] OR “hepatic can-
cer”[tiab] OR “hepatic cancers”[tiab] OR “hepatic neoplasm”[tiab] OR “hepatic neoplasms”[tiab] OR “hepatocellular can-
cer”[tiab] OR “hepatocellular cancers”[tiab] OR “hepatocellular neoplasm”[tiab] OR “hepatocellular neoplasms™[tiab]
OR cholangiocarcinoma OR cholangiocarcinomas OR “cholangiocellular carcinoma”[tiab] OR “cholangiocellular carci-
nomas”’[tiab] OR “‘extrahepatic cholangiocarcinoma”[tiab] OR “extrahepatic cholangiocarcinomas”[tiab] OR “intrahepatic
cholangiocarcinoma”[tiab] OR “intrahepatic cholangiocarcinomas”[tiab] OR “pancreatic cancer”[tiab] OR “pancreatic
cancers”’[tiab] OR “pancreatic neoplasm”[tiab] OR “pancreatic neoplasms”[tiab] OR “pancreas cancer”[tiab] OR “pan-
creas cancers”[tiab] OR “pancreas neoplasm”[tiab] OR “pancreas neoplasms”[tiab] OR “biliary cancer”[tiab] OR “biliary
cancers”’[tiab] OR “biliary neoplasm”[tiab] OR “biliary neoplasms”[tiab] OR “biliary carcinoma”[tiab] OR “biliary carci-
nomas” [tiab] OR “bile duct cancer” [tiab] OR “bile duct cancers”[tiab] OR “bile duct neoplasm”[tiab] OR “bile duct neo-
plasms”[tiab] OR “biliary tract neoplasm”[tiab] OR “biliary tract neoplasms”[tiab] OR “biliary tract cancer”’[tiab] OR
“biliary tract cancers”[tiab] OR “bile duct carcinoma”[tiab] OR “bile duct carcinomas”[tiab] OR “colon cancer”’[tiab] OR
“colon cancers”[tiab] OR “colon neoplasm”[tiab] OR “colon neoplasms”[tiab] OR “colonic neoplasm”[tiab] OR “colonic
neoplasms”[tiab] OR “colonic cancer”[tiab] OR “colonic cancers”[tiab] OR “rectal cancer”[tiab] OR “rectal cancers”[tiab]
OR “rectal neoplasm”[tiab] OR “rectal neoplasms”[tiab] OR “rectum cancers”[tiab] OR “rectum cancer”[tiab] OR “colo-
rectal cancer”[tiab] OR “colorectal cancers”[tiab] OR “colorectal neoplasm”[tiab] OR “colorectal neoplasms”[tiab] OR
carcinoid[tiab] OR carcinoids[tiab] OR “duodenal cancer”[tiab] OR “duodenal cancers”[tiab] OR “duodenal neoplasm”
[tiab] OR “duodenum cancer”[tiab] OR “duodenum cancers”[tiab] OR “duodenal neoplasms”[tiab] OR “small bowel can-
cer”[tiab] OR “small bowel cancers”[tiab] OR “small bowel neoplasm”[tiab] OR “small bowel neoplasms”[tiab] OR
“gallbladder cancer”[tiab] OR “gallbladder cancers”[tiab] OR “gallbladder neoplasm”[tiab] OR ““gallbladder neoplasms”
[tiab] OR “gall bladder cancer”[tiab] OR “gall bladder cancers”[tiab] OR “gall bladder neoplasm”[tiab] OR “gall bladder
neoplasms”[tiab] OR “anal cancer”’[tiab] OR “anal cancers”[tiab] OR “anal neoplasm”[tiab] OR “anal neoplasms”[tiab]
OR ““anus cancer”[tiab] OR “anus cancers”[tiab] OR “anus neoplasm”[tiab] OR *“anus neoplasms”[tiab] OR “Liver
Neoplasms”[Mesh] OR “Cholangiocarcinoma”[Mesh] OR “Pancreatic Neoplasms”[Mesh] OR “Biliary Tract
Neoplasms”[Mesh] OR “Colonic Neoplasms”’[Mesh] OR “Rectal Neoplasms”[Mesh] OR “Colorectal Neoplasms”[Mesh]
OR “Duodenal Neoplasms”[Mesh] OR “Gallbladder Neoplasms”[Mesh] OR “Anus Neoplasms”’[Mesh] OR “Carcinoid
Tumor”[Mesh] OR “Stomach Neoplasms”[Mesh] OR “Esophageal Neoplasms”[Mesh] OR “Adenocarcinoma Of
Esophagus” [Supplementary Concept] OR “Esophageal Squamous Cell Carcinoma”[Mesh] OR “Gastrointestinal
Neoplasms”[Mesh])

AND

(“air pollution”[tiab] OR “Particulate Air Pollutants”[tiab] OR “Particulate Air Pollutant”[tiab] OR “particulate matter”[tiab]
OR “particulate matters”[tiab] OR “particular matter”[tiab] OR “particular matters”[tiab] OR “air pollutant”[tiab] OR “air
pollutants”[tiab] OR “particle pollutant”[tiab] OR “particle pollutants”[tiab] OR “particle pollution”[tiab] OR “fine
PM”[tiab] OR “pm2 5”[tiab] OR pm10[tiab] OR “Air Pollution”[Mesh] OR “Particulate Matter”’[Mesh] OR “Air
Pollutants”[Mesh])

Language: English

Publication date: 1 January 1980-31 December 2019; 1 January 2019-31 December 2020; 1 January 2020-31 December
2021

Note: The limits for language (English) and publication year (1980-2021) were applied to the main search using the filters available in PubMed. The keywords were searched in the
title and abstract fields in PubMed (i.e., “[tiab]”) and the controlled vocabulary terms are indicated with “[Mesh].” Phrases were enclosed in quotation marks to force the searching of
the exact terms in order presented. No other limits were applied to the searches. GI, gastrointestinal; PM, particulate matter.

Particulate matter/air pollution

Limits applied

9 < ELINYs

the Cochrane Collaboration’s risk of bias tool and the Agency for each domain were “low,” “probably low,” “probably high,” or

Health care Research and Quality’s (AHRQ) domains.?”*® We
modified the AHRQ domains to make them specific for environ-
mental health studies and evaluated the most common domains in
epidemiologic studies: study group, outcome assessment, expo-
sure assessment, covariates, statistical analysis, and conflict of in-
terest. Each domain was rated based on qualities used in the U.S.
Environmental Protection Agency’s assessments of the scientific
data on air pollutants for the National Ambient Air Quality
Standards review process to evaluate studies, which are described
in detail below and the “low” risk of bias is summarized as an
example in Table 2.>° The possible ratings for each article for
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“high” risk of bias. We assumed an initial rating of “moderate”
quality for all studies based on the limitations of observational
data in assessing associations between exposure and health out-
comes in environmental health research, per Navigation Guide
methodology.

Study group representation was rated as “low” risk of bias if
the study population was large and covered a wide geographic
area (defined as multiple states or countries vs. a single city, state,
or comparable geo-administrative unit). To be rated as “low” risk
of bias for detection of health outcome, the study had to use the
International Classification of Diseases to classify clinically
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Table 2. Risk of bias domains under the low risk designation for individual studies included in the systematic review of PM exposure and GI cancers.

Risk of bias domain

Low risk of bias designation

Study design
Study group representation
Outcome assessment
Exposure assessment
Confounding

ately accounted for in the analysis.
Statistical analysis

Retrospective or prospective cohort analysis of individuals.

Study population is large and covers a wide geographic area.

Any missing outcome data is not likely to introduce bias.

Risk of exposure misclassification is minimized through refined methods.

Important potential confounders such as socioeconomic status, smoking status, and occupational exposure were appropri-

Modifying effects assessed by stratified analyses, sensitivity analysis for change of residence, model check for non-linear

exposure, adjustment for multiple comparisons.

Conflict of interest

Study free of support from individual or entity having financial interest in outcome of study.

Note: GI, gastrointestinal; PM, particulate matter.

confirmed diagnosis of GI cancer by subtype. To be rated as “low”
risk of bias for exposure assessment, the study had to use an
approach that estimated PM exposure along with at least one other
co-occurring pollutant using measurement data from air quality
surveillance networks or was estimated via land-use regression
(LUR) or other types of prediction models. The exposures must
have been quantitatively estimated at the individual level (i.e., resi-
dence or personal exposure) before or during the study period. For
statistical analysis, studies had to use multipollutant models and
control for other important confounders at the individual level
[e.g., age, sex, socioeconomic status (SES), smoking status, occu-
pational exposure]. Studies of multiple cancer end points had to
adjust for multiple comparisons, examine the impact of an expo-
sure time lag, conduct sensitivity analyses for change of residence,
and assess potential effect measure modification by stratified anal-
yses. In addition, evaluation of nonlinear relationships was a
strength, given the potential for associations only at the high end of
exposure; studies that did not include nonlinear evaluations were
downgraded. To be rated as “low” risk of bias for conflict of inter-
est, the study had to acknowledge that there were no author con-
flicts. Based on the summary quality rating for each study, we also
determined an overall quality rating across all studies.

Strength of evidence across studies. To assess the strength of
the evidence across all studies included in the present review, two
authors (N.P., E.C.S.) used categories based on the classification
scheme in the JARC’s monographs (which evaluate epidemiologic,
as well as animal and mechanistic, findings) to assign an overall
strength rating of “sufficient evidence of carcinogenicity,” “limited
evidence of carcinogenicity,” “inadequate evidence of carcinoge-
nicity,” or “inadequate evidence regarding carcinogenicity.”** The
overall strength of the body of epidemiologic evidence we reviewed
was based on three main considerations: a) quality of the body of
evidence based on the confidence in direction of effect, b) overall
rating from the risk of bias assessment, and ¢) likelihood that a new
study would change the summary conclusion about associations
with cancer risk.

Statistical analyses. Two authors (N.P., E.C.S.) extracted from
each study the fully adjusted hazard ratios (HRs), risk ratios (RRs),
incidence rate ratios (IRRs), odds ratios (ORs) and the correspond-
ing estimates of the 95% ClIs, and the increment increase in expo-
sure. Noncontinuous estimates of association were not standardized
and are shown in their original format. We standardized all continu-
ous effect estimates by computing adjusted risk estimates and their
95% CI per 10-pg/ m? increase in PM, 5 or PM o concentrations by
applying the following formula:

ln(EffeaEsrimamor,-gma[) o Increment )
] T Incrementgyiginal Standardized
Effect Estimatesindardizea =€ """ Ol .

Randome-effects (RE) meta-analyses were performed using the
DerSimonian-Laird method *' using Stata (version 15; StataCorp).
The RE analyses were conducted using estimates from fully
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adjusted models to obtain a single summary estimate across stud-
ies that had sufficient quality (“low” or “probably low” risk of
bias) and the ability to standardize outcome estimates in a mean-
ingfully comparative way. We excluded studies from the meta-
analysis that were rated “high” or “probably high” risk of bias or
did not have more than two studies of similar design to provide a
comparison. We considered the IRR, HR, RR, and OR effectively
interchangeable for these relatively rare GI cancers (i.e.,
IRR ~ HR =~ RR =~ OR). We also combined incidence and mor-
tality for these analyses, given that mortality for most of these
cancers can be considered a reasonable indicator of incidence
and the small numbers of studies evaluating each of these out-
comes. Statistical heterogeneity across study estimates was eval-
uated using Cochran’s Q statistic (with p <0.05 as the threshold
for statistical significance) and 72>’ For cancer outcomes that
were not amenable to a meta-analysis (i.e., due to insufficient
number of studies or heterogeneity in study designs), the esti-
mates of association were standardized and considered in the
final rating of the overall body of evidence. We assessed possible
publication bias using visual inspection of funnel plots and
Egger’s regression-based test.>

We quantitatively evaluated the potential impact that the addi-
tion of one or more new studies might have on changing the inter-
pretation of our overall evaluation of the literature. Specifically,
we determined what magnitude of association would need to be
reported by a hypothetical new study to reverse the direction of
association. In making this calculation, we first assumed that the
95% CI for the new hypothetical study would be as narrow as the
smallest 95% CI included in our analysis. We then added hypothet-
ical new studies (with CI determined as described) until the direc-
tion of the summary estimate changed. If the summary estimate
was not statistically significant in the meta-analysis, we further
added more hypothetical new studies of similar magnitude and CI
until the summary estimates became significant.

Results

Literature Search and Study Selection

Initial searches yielded 2,423 publications of which 936 were
duplicates and 1,487 citations were screened. After title and
abstract screening, 1,367 sources were excluded, with 120 studies
proceeding to full-text screening. Twenty studies were selected at
the end of full-text screening and included in the systematic review
(Figure 1). Of those excluded, 68 did not quantitatively assess ex-
posure to PM; 5 or PMo; were not a cohort or case—control study
(n=11); the outcome was not GI cancer (n=16), conference
abstract (n = 3), or not published in English (n = 2) (Table S3).

The earliest of the 20 studies included was published
in 2005 (Table 3),1333:34:35.36.37.38.39.40.41.42.43.44.45.46.47.48.49.50.51
Baseline data collection began in 1982 to 2016, and follow-up peri-
ods ranged from 5 to 27 y. All included studies were retrospective
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| Records removed before screening:

—»| Records excluded (n = 1367)

Duplicate records removed (n = 936)
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Reports not retrieved (n = 0)
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S
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S
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c
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O
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Reports assessed for eligibility
(n=120)
—
\4
3
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S| | m=20)
=
__J

Wrong exposure (n = 68)
Wrong outcome (n = 16)

Wrong study design (n =11)
Conference abstract only (n = 3)
Not in English (n = 2)

Figure 1. PRISMA flow diagram showing the literature search and screening process for studies relevant to PM exposure and GI cancer outcomes. Note: GI,
gastrointestinal; PM, particulate matter; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

or prospective cohort analyses except for one nested case—control
study®® and one time-series analysis with individual-level medical
records,*” and exposures were directly linked to individuals or geo-
graphic area (e.g., county, ZIP code). All included studies were
conducted in the northern hemisphere: Asia, !3:40:44.46:47.48,51
Europe,**”%414559 the United States, or Canada,**37-38424349

Risk of Bias within Studies and Strength of Evidence

Most studies were rated as “low” or “probably low” risk of bias in
domains other than the statistical analysis (Figure 2). Most studies
had large sample sizes (>50,000 participants) and were rated as
having sufficient population representation, but some were focused
on a circumscribed geographic area,!3:33:36.37.38.4042.47.48.49.51

All studies presented confirmed cancer outcomes based on
linkage to cancer or death registries, including (n=10) of inci-
dent disease and (n=10) of determined mortality due to a GI
cancer. Some studies (n=9) had information on cancer subtype.
Most studies (15 of 20) could link cancer status to individual
study participants.

Exposure assessments were based on a combination of data col-
lected from air quality monitoring stations and satellite-based net-
works. Two studies relied on directly collected measurements
only; one used PMjy emissions data collected at a point source,33
and another effort conducted dedicated 2-wk measurement cam-
paigns.*! Modeling approaches to estimate exposure at participant
locations included kriging,5 2 LUR,>? inverse distance weighting,5 4
integrated empirical geographic regression models,> Bayesian
maximum entropy interpolation,’® or combinations of these
approaches. All but two studies included some estimate of PM; 5
exposure (i.e., rather than PMlo),33’36 and all but two estimated risk
in relation to a continuous exposure metric.>*° Many studies
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relied on a sin%le ear of data to reflect exposure over a longer time
period,?336-38:3943:50 4 q others estimated exposure during the full
study period.*>*®* No studies estimated exposure for a period
prior to recruitment or study start. One study evaluating liver can-
cer survival estimated exposures post—diagnosis.3

Seven of the studies that were rated as “probably low” or
“probably high” risk of bias in the exposure assessment domain
used area-level data (e.g., within a geo-administrative boundary
area, such as a county or across a grid cell) to estimate exposures.
Studies were also downgraded if exposure assessment covered a
limited time period (<1 y) or did not take place until the end or
after the conclusion of cohort follow-up (n=7). No studies esti-
mated exposure during a period prior to study enrollment, but
some studies back-extrapolated estimates when exposure data
was not available for the full study period.***>*° Eleven studies
based exposure estimates on the location of the participant resi-
dence at the time of study enrollment. Only 2 studies assessed
PM components, and they found statistically significant associa-
tions between sulfur PM species and gastric cancer incidence,*
as well as liver cancer and Copg)er, iron, zinc, sulfur, nickel, vana-
dium, and silicon components. 0

Most studies controlled for confounding using methods that
would lead to a “low” or “probably low risk” of bias (n=15).
The most common features missing from model adjustments
were variables such as SES, smoking status, physical activity,
and occupational PM exposure. A few studies did not have indi-
vidual risk factor data (n=4). About half of studies controlled
for co-pollutants (n=11).

Statistical analyses were rated as “probably high risk” of bias
for 9 of the 20 studies because they did not assess effect modifica-
tion using stratified analyses across subgroups (e.g., by age, race/
ethnicity). Few studies examined the impact of an exposure time
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Risk of Bias Domain
. . " Ancona,  Bogumil, Coleman, Coleman, Datzmann,  Deng, Ethan, Guo,

"
015" g0z 20207 5055 2020°  2018% 20177 2020”7 2020%

Article (Author, year)

Overall quality|
Ma, Nagel, assesment

2020 2018*

van 2015 POUETSEN o Tumer,  VoPham,  Wang,  Weinmayer,  Wong,
o 2007 > 207" 2018®  2018% 2018% 2016"

Study group representation Problow | Prob low Low Low Low Problow | Problow | Problow | Problow | Problow | Problow Low Prob low Low Low Prob low Low Low Low Prob low Low
[Outcome assessment methods Low Low Low Prob low | Prob low Low Low Prob low Low Low Low Low Low Prob low Low Prob low Low Prob low Prob low
Exposure assessment methods Low Problow | Problow | Problow [ Problow | Problow Low Low Prob low Low Prob low - Problow | Problow | Problow | Problow. Prob low Prob low Prob low
Confounding Low Low Low Prob low Prob low Problow | Problow | Prob low Low Prob low Low Low Low Low Prob low Prob low
Statistical analysis Low Prob low Prob low Low Problow| Problow | Problow Low Low Low Low
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Overall study rating Low Low Prob low | Prob low Prob low Prob low Low Low Prob low Low Low Prob low Low Low Prob low Prob low

Risk of Bias Key:

Low Risk

Probably low risk

Quality Key:
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Figure 2. Risk of bias ratings for 20 included human studies relevant to PM exposure and GI cancer incidence and mortality. Ancona et al.,** Datzmann et
al.,*® Ethan et al.,*” Jerrett et al.,*® Pan et al.,* Wang et al,* and Weinmayr et al.** were excluded from meta-analysis because of their overall rating of “prob-
ably high risk of bias” or heterogeneity in study design leading to limitations in comparability with other studies. Note: GI, gastrointestinal; PM, particulate

matter.

lag (n=6), a common strategy to account for disease latency in
cancer analyses, or adjusted p-value estimates to account for mul-
tiple comparisons (n =4). More than half of the included studies
evaluated nonlinearity in models using splines, trends across
quartile categories, or quadratic terms (n = 13). Additional detail
on individual study characteristics and risk of bias designation/ra-
tionale is presented in Table S2. The overall study rating across
the 20 articles was determined as “probably low risk of bias”,
therefore we rated the overall quality of the current body of evi-
dence as “moderate” (Figure 2).

Statistical Analysis Results from Individual Studies

The HR was the most commonly reported measure of association
(n=12); we present fully adjusted model estimates from the stud-
ies (Table 4). Four studies reported a RR, three reported IRRs,
and one reported an OR. Most used a 10-ug/m? increment as a
unit change for risk estimates, but some studies reported associa-
tions for study-specific quantile increments (n=2). With the
exception of liver cancer, the majority of studies for any one can-
cer site evaluated mortality as the end point. The one study of
incident colorectal cancer included in our review was a nested
case—control study within a population of diabetic individuals
that we excluded from our meta-analysis because of this noncom-
parability in design to other studies.

The majority of studies identified at least one statistically sig-
nificant positive association between PM exposure and risk of at
least one GI cancer end point for incidence or mortality (n=16).
Overall, associations were observed for GI tract, upper GI tract,
and Gl accessory organs, as well as for specific cancer sites, includ-
ing stomach, colorectal, rectal, liver, and pancreas. There were no
significant associations reported with esophageal cancer; however,
only 4 of our included studies evaluated this site.>*333%42 Four of
the 20 studies reported no statistically significant association [2 on
liver cancer risk,*'° 1 on gastric (cardia and non-cardia) and upper
aerodigestive tract (adeno and sguamous cell) risk,%® and 1 on di-
gestive cancer mortality overall*®].

The results of the meta-analysis are presented in Figure 3.
Five studies estimated associations with PMjp; however, only
one study of gastric cancer,” one study of liver cancer,*’ and one
study of pancreatic cancer® satisfied inclusion criteria for meta-
analysis and we therefore only summarized PM, s associations.
RE models estimated the overall per 10-pg/ m?’ increase in PM; s
for risk of developing the specific GI cancer subtypes of esopha-
geal (RE=0.92; 95% CI: 0.64, 1.20; I>?=67.9%), gastric
(RE=1.01; 95% CI. 0.87, 1.15; I>?=32.4%), colorectal
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(RE=1.35; 95% CI: 1.08, 1.62; I =88.6%), liver (RE=1.31;
95% CI: 1.07, 1.56; I* =90.0%), and pancreas (RE=1.00; 95%
CI: 0.89, 1.12; I? =0%). Three studies estimated the association
of PM, 5 with all GI cancers, but only two were considered com-
parable for meta-analysis (RE=1.12; 95% CI. 1.01, 1.24,
I? =40.8%). Funnel plots (Figure S6) and Egger tests showed no
significant asymmetry in the pattern of distribution of some GI
cancer end points (esophageal, p=0.71; liver, p=0.73; GI over-
all, p=0.17), but for others the test for probability of publication
bias was significant (gastric, p <0.01; colorectal, p <0.01; pan-
creatic, p =0.02) (Figure 3).

The meta-analysis results for esophageal cancer were not stat-
istically significant, and in our hypothetical scenarios analysis the
addition of one new study was less likely to change the direction
of the summary estimate (Figure S1, Scenarios A and B). We
found it would take the addition of five studies with findings of a
higher than previously reported magnitude to alter the signifi-
cance of the overall estimate (Figure S1, Scenario C). This con-
clusion resulted from the fact that there were only a small
number of studies with equivocal findings. The estimates for
stomach and pancreatic cancers were generally positive, but not
always statistically significant, and, according to our a priori—
determined criteria for testing the sensitivity of overall results,
the addition of a new study could likely change or strengthen the
direction of the association (Figure S2, Scenario A and Figure
S3, Scenario A). With the addition of two studies of similar mag-
nitudes to those previously reported, the overall findings could
become statistically significant (Figure S2, Scenario B and Figure
S3, Scenario B). We determined it is unlikely that the addition of
even one study with a strong inverse association would change
the direction of the summary estimate for the association between
PM, 5 and liver or colorectal cancers owing to the relatively large
number of studies with consistently positive and statistically sig-
nificant results (Figures S4 and S5).

Discussion

We conducted a systematic review and meta-analysis of the body
of epidemiologic evidence to assess whether exposure to outdoor
PM was associated with GI cancers. A relationship between
increasing exposure to PM and GI cancer outcomes was observed
in many studies, but this association was not always statistically
significant (p <0.05). We concluded that there was “limited evi-
dence of carcinogenicity” for the association between exposure
to PM as a whole and diagnosis or death due to GI cancer. This
classification is adapted from the TARC, where “limited” evi-
dence refers to positive associations having been observed but
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Study Year

Esophageal

Coleman et al., 202035

Coleman et al., 202034

Nagel et al., 2018%

Turner et al., 201742

Subtotal (I12=67.9%, p = 0.025; Egger test p = 0.7138)

Gastric

Coleman et al., 202035

Coleman et al., 202034

Guo et al., 2020%

Nagel et al., 2018%°

Turner et al., 201742

Subtotal (12 =32.4%, p = 0.205; Egger test p = 0.0015)

Colorectal

Chu et al., 202146

Coleman et al., 202035

Guo et al., 20205

Turner et al., 201742

Subtotal (I12=88.6%, p < 0.001; Egger test p < 0.0001)

Liver

Coleman et al., 2020%
Coleman et al., 202034
Deng et al., 201757
Guo et al., 20205

Risk %

Estimate (95% CI) Weight
0.59 (0.38, 0.90) 30.90
1.08 (0.88, 1.32) 33.50
1.10 (0.39, 3.13) 3.73
1.05 (0.83, 1.32) 31.88
0.92 (0.64, 1.20) 100.00
1.87 (1.20, 2.92) 2.67
0.96 (0.79, 1.16) 31.66
0.97 (0.82, 1.15) 35.49
1.90 (0.98, 3.69) 1.10
1.00 (0.82, 1.22) 29.08
1.01 (0.87, 1.15) 100.00
2.40 (1.95, 2.96) 15.01
1.29 (1.05, 1.58) 24.41
1.13 (1.00, 1.26) 29.79
1.09 (1.00, 1.19) 30.79
1.35(1.08, 1.62) 100.00
1.32 (0.94, 1.85) 10.80
1.32 (1.1, 1.57) 14.93
1.72 (1.62, 1.82) 16.71
1.13(1.02, 1.24) 16.61

Pedersen et al., 201741

1.80 (0.58, 5.52) 0.93

So et al., 20215 1.25 (0.85, 1.85) 10.03
Turner et al., 201742 1.12 (0.89, 1.40) 14.49
VoPham et al., 201843 1.26 (1.08, 1.47) 15.50
Subtotal (12 =90.0%, p < 0.001; Egger test p = 0.7314) 1.31 (1.07, 1.56) 100.00
Pancreatic
Bogumil et al., 20214° —— 1.61 (1.09, 2.37) 3.05
Coleman et al., 20203% 1.09 (0.83, 1.44) 11.92
Coleman et al., 202034 0.98 (0.85, 1.12) 38.28
Turner et al., 201742 0.96 (0.85, 1.07) 46.75
Subtotal (12 =30.6%, p = 0.229; Egger test p = 0.0165) 1.00 (0.89, 1.12) 100.00
Gl Overall
Guo et al., 2020% | 4 1.09 (1.03, 1.16) 73.11
Wong et al., 2016™ - 1.22 (1.05, 1.42) 26.89
Subtotal (I-squared = 40.8%, p = 0.194; Egger test p = 0.1706) o 1.12 (1.01, 1.24) 100.00
| | |
0 1 25 55

Figure 3. Meta-analysis of included epidemiologic studies. Reported effect estimates (95% CI) from individual studies (inverse-variance weighted, represented
by size of rectangle) and overall pooled estimate from random-effects (RE) model for PM exposure and GI cancer subtypes a) esophageal, b) gastric, ¢) colo-
rectal, d) liver, e) pancreas, and f) overall. Note: CI, confidence interval; GI, gastrointestinal; PM, particulate matter.

that bias and confounding cannot be ruled out with reasonable
confidence.”® Although the current literature is of moderate qual-
ity, inconsistent, and small, the results from our meta-analysis
indicate that PM exposure may be associated with mortality or
incidence for some GI cancers, such as colorectal and liver. The
most frequently evaluated relationship was the association
between PM; s exposure and both incidence and mortality from
liver cancers; this was also the site for which the evidence was
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strongest. This review also highlights opportunities for future
research because we found that the inclusion of additional, high-
quality studies could change these conclusions.

One motivation for our review was the recognition that bio-
logic plausibility exists for a relationship between outdoor air
pollution exposures and the development of GI cancers. There
are several hypothesized mechanisms for this potential associa-
tion. For instance, alterations in the function of the gut microbiota
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may contribute to chronic GI disease, an important risk factor for
GI cancers.'*7%5% Small particles readily absorbed in the lungs
following inhalation can be delivered through the bloodstream
and deposited in other body tissues, including the gut.60 PM that
reaches the bronchioles and alveolar spaces may also be phagocy-
tosed by alveolar macrophages,®' where, once sequestered, it is
trapped in the airway by a protective mucus layer.%” In healthy
individuals, the trapped particles are propelled by cilia through
the oropharynx and into the GI tract through a process called
mucociliary clearance.'> As a result, a portion of the internal ex-
posure to PM occurs in the upper GI tract. Mucociliary transport
of PM inhaled in the lungs and then cleared into the upper GI
tract has been demonstrated in human studies of nonsmokers.'®
Upper GI cancers are also etiologically distinct and PM could
theoretically act differentially on their development or progres-
sion; to our knowledge, animal and mechanistic data are lacking
to evaluate this hypothesis.

Our review identified important research gaps that should
inform future work on this topic. Because of the highly fatality of
some GI cancers, diagnosis and death typically occur within
<5 y.2 For cancers with better prognosis, mortality assessments
may be a better indicator of survival than susceptibility to devel-
opment of new disease. Few articles identified by this review had
information on cancer subtype, and several presented results for
GI cancer overall or by upper and lower GI tract. Further, the eti-
ology of cancers of the GI tract varies from organ to organ; future
investigations need to consider the potential varying biological
mechanisms at play by developing hypotheses for specific cancer
end points. Analyses that combine cancer subtypes with differing
etiologies may cause underestimation of the magnitude of the
relationship if PM is truly associated with risk of only certain sub-
types. Future studies should strive to evaluate associations with GI
cancers and PM by subtype with a sufficient number of cases for
each analysis. As the number of different cancer end points
assessed in one study increases, so does concern for chance find-
ings of statistical significance (either positive or inverse).%?

We identified widely varying approaches to exposure assess-
ment across this small number of studies that leads us to several
related recommendations. Ideally, PM exposure assessments
should characterize the time window most relevant for GI cancer
development. Most of the studies we evaluated in our review
were limited by exposure assessment occurring at or near the
time of study enrollment, which may not be sufficient to account
for the long latency of most GI cancers.®* This may be one expla-
nation for a lack of observed association in some studies. Fine-
scale PM; s measurements are generally not available prior to
when they were routinely collected following their regulation in
the late 1990s in the United States®> and in the 2000s in
Europe,66 so most studies would be unable to retrospectively
assess exposure. Although several studies in the United States
relied on back extrapolation and other interg)olation techniques to
fill in missing exposure information,>***** no study in our
review evaluated exposures during the period prior to study start,
which may be the most etiologically relevant. Moreover, the
averaging period for exposure was highly varied across studies
and included single-year averages or modeled estimates intended
to reflect exposure over longer time periods.®**%3%4330 The
United States Multi-Ethnic Cohort Study was the only study to
implement a time-varying analysis approach, based on monthly
averages.”' The small number of studies coupled with varying
time windows of exposure limits meaningful interpretation about
whether the hypothesized relationship between PM; 5 and GI can-
cers is driven by acute or chronic exposure. Future work incorpo-
rating advanced statistical approaches to differentiate the role of
exposures during different periods of life®’ could reveal whether
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there are critical windows of exposure. The assessment of air pol-
lution exposure using only community average concentrations,
which was the case for about a third of the studies we reviewed,
may not represent the individual-level association between PM
and GI cancers. Area-level estimates of PM do not account for
the spatial variability in exposures at residential addresses and
this misclassification of exposure would likely have attenuated
associations toward the null. About half of the studies included
multipollutant models, providing confidence in associations with
PM that remained even after controlling for levels of other out-
door air pollutants. The linear increases in PM used in most stud-
ies to calculate the measure of association allows comparison
between studies and enables contribution to regulatory reviews.

Almost all studies included in our review described the inabil-
ity to assess PM exposure anywhere other than the baseline resi-
dence location as a study limitation. Although some analyses
adjusted for information about occupation, none included expo-
sure assessed at a work address, and variation in exposure
between residence and place of work may have led to exposure
misclassification. The expectation is that such misclassification
would be nondifferential, therefore, leading to attenuation of any
association between PM and GI cancer risk or mortality. Future
studies could mitigate this concern by adding assessments of PM
exposure from other microenvironments, such as at work or dur-
ing the commute. In addition, individuals who change addresses
will have different exposures at each residence. For this reason,
studies should optimally assess exposures at all residence loca-
tions during relevant exposure periods or conduct sensitivity
analyses with movers excluded. Because outdoor air pollution is
so varied regionally in both total burden and its constituency, the
lack of geographic heterogeneity in the existing studies, which
were largely from the United States, Europe, and China, was a li-
mitation of our meta-analyses. Our synthesis did not include stud-
ies in Africa, where the reasons for high rates of esophageal
cancer are still being explored.21 Additional studies from both the
northern and southern hemispheres would contribute meaningful
data to a body of literature that currently is lacking in evaluations
of populations within these areas.

The inability of some of the included analyses to control for
key variables—such as SES, smoking, physical activity, and co-
pollutant exposures—could have led to residual confounding in
these evaluations and subsequently biased the interpretations in
this review. Controlling for some of these factors is important
because they are potentially correlated with PM exposure,®®%
and evaluation of these factors as potential confounders should
be a goal for future research efforts. Other factors could contrib-
ute to differences in baseline risk owing to differences in underly-
ing biolog (e.g., sex) or in susceptibility (e.g., cigarette
smoking).”"’"! Few articles had the power to evaluate effect mod-
ification, but interactions are biologically plausible, and their
study is warranted.

Confidence in the summary relationship from our evaluation
is constrained by the moderate quality and inconsistency of find-
ings across individual studies as well as the small number of eval-
uations by specific GI cancer type. Most studies we reviewed
identified at least one statistically significant positive association
between PM exposure and risk of at least one GI cancer end point
of incidence or mortality. Only three reported no statistically sig-
nificant r6121tionships,38’39’41 but there remain only a small num-
bers of studies that have investigated these associations to date
and the number for each specific cancer are few. For instance,
only four of our included articles evaluated the association with
esophageal cancer.>*>342 As such, we acknowledge the poten-
tial for chance findings in our meta-analysis. The nascent state of
the literature could also suggest the possibility of publication bias
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across studies, which we formally evaluated and found some evi-
dence of. We determined it unlikely that the addition of a new
study would change the results of the meta-analysis for liver or
colorectal cancers, for which the number of studies were larger
and study results were consistently positive and statistically sig-
nificant. However, the meta-analysis results for the other GI can-
cer subtypes were less definitive. Taken together, our findings
underscore the need for additional studies of specific gastric can-
cer sites given that the addition of new studies could alter current
conclusions or provide further confidence about associations with
PM exposure.

This work contributes a novel synthesis of a small number of
epidemiologic studies of the association between outdoor PM
and GI cancers, an interesting and biologically plausible—but
still understudied—relationship. A particular strength of this
work was our assessment of the likelihood of bias in each analy-
sis. We note general interpretations of the expected direction of
impacts of these various criteria above, including combining can-
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